Dirac semimetal (DSM) hosts four-fold degenerate isolated band-crossing points with linear dispersion, around which the quasiparticles resemble the relativistic Dirac Fermions. It can be described by a 4 × 4 massless Dirac Hamiltonian which can be decomposed into a pair of Weyl points or gaped into an insulator. Thus, crystal symmetry is critical to guarantee the stable existence. On the contrary, by breaking crystal symmetry, a DSM may transform into a Weyl semimetal (WSM) or a topological insulator (TI). Here, by taking hexagonal LiAuSe as an example, we find that it is a starfruit shaped multiple nodal chain semimetal in the absence of spin-orbit coupling 1 arXiv:1712.01475v1 [cond-mat.mtrl-sci] 5 Dec 2017 (SOC). In the presence of SOC, it is an ideal DSM naturally with the Dirac points locating at Fermi level exactly, and it would transform into WSM phase by introducing external Zeeman field or by magnetic doping with rare-earth atom Sm. It could also tranform into TI state by breaking rotational symmetry. Our studies show that DSM is a cirtical point for topological phase transition, and the conclusion can apply to most of the DSM materials, not limited to the hexagonal material LiAuSe.
Introduction
reversal symmetry T and inversion symmetry P, all the bands are double degenerate and there should exist band-crossing points of four-fold degeneracy with linear dispersion around the nodal points. Such a material is known as 3D Dirac semimetal (DSM). [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Around these points, the low-energy physics is described by a 4 × 4 massless Dirac Hamiltonian. In The Weyl Hamiltonian is quite robust against any perturbation. 27 A small perturbation expanded around the Weyl point takes the general form of δ 0 I 2×2 + δ · σ, where δ 0 and δ are Taylor expansions in wave vector k, and I 2×2 is a 2 × 2 identity matrix. The first term only shifts the Weyl point in energy, while the second term only shifts its location in momentum space. Thus, the Weyl points cannot be removed by any small perturbations.
However, the DSM phase is not stable against perturbations because additional symmetry is necessary. 18, 20, 24 If T or P symmetry was broken, DSM may be transformed into WSM.
28,29
If external strain was introduced, the Dirac point could be gaped and the DSM would be tranformed into a topological insulator. [30] [31] [32] The above analysis is well known for decades, but the transformation process is rarely observed in real materials.
In this paper, we will investigate the topological phase transition by revealing a new class of DSM in ternary compound LiAuSe family, which has been predicted as a TI under rotational symmetry breaking. 30 LiAuSe has a layered honeycomb lattice of AuSe and sandwiched by Li atoms with triangular lattice, possessing P 6 3 /mmc (or D 4 6h ) space group. Band inversion exists in this material, and it is a starfruit shaped multiple nodal chain semimetal in the absence of spin-orbit coupling (SOC), while in the presence of SOC, the nodal chain breaks and the system becomes a Dirac semimetal with a pair of Dirac nodes along k z line protected by C 6 rotational symmetry. Please note that it is the first time here to report starfruit shaped multiple nodal chain metal phase and the phase transition to Dirac semimetal, which is different from other nodal line or nodal chain semimetal 33-43 By introducing external magnetic field or magnetic atoms doping, it transforms into WSM phase. By breaking rotational symmetry, it transforms into TI phase. Furthermore, we constructe a low-energy k · p model to describe the topological phase transitions.
Computational Methods and Materials
All the first-principles calculations are based on density-functional theory (DFT) as implemented in Vienna ab initio simulation package (VASP) 44, 45 with the projector augmented wave (PAW) method. 46 The generalized gradient approximation (GGA) with Perdew-BurkeErnzerhof (PBE) 47 realization were adopted for the exchange-correlation potential. The plane-wave cutoff energy was taken as 500 eV. topological invariants and the surface states.
13,29,51,52
We take the ternary compound LiAuSe as an example, which can be viewed as a stuffed honeycomb structure, where Au and Se atoms form a honeycomb lattice, stacking layer by layer along the z dimension, and Li atoms are inserted between these layers. Such a structure possess P 6 3 /mmc (or D 
Results and Discussions
In the absence of SOC: nodal chain semimetal
We first consider the band structure of LiAuSe in the absence of spin-orbit coupling (SOC), as shown in Fig. 2 (a) . From the orbital projected band structure, one can observe that Therefore, LiAuSe is an ideal 3D Dirac semimetal with a pair of Dirac points at Γ-A line.
For such a band structure, the Fermi level is only a pair of two points at k z = ±0.388 2π/c, coined as "Fermi points".
To confirm the existence of the Dirac nodes in LiAuSe, we calculated the irreducible representations for each band. The two crossing bands belong to different irreducible representations, Γ 8 (E 5/2 ) and Γ 9 (E 3/2 ), and with different parities, indicating that the Dirac node is unavoidable. It is protected by the three-fold rotational symmetry. Breaking this symmetry would introduce interaction between the two bands and open a gap inbetween, making the system into a topological insulator with Z 2 = 1 due to the band inversion, which has been confirmed by our first-principles calculations. For the P 6 3 /mmc structure LiAuSe, inversion symmetry is preserved. Thus, we can calculate the parity product at the eight time reversal invariant momentum (TRIM) points to confirm the nontrivial band topology. 54 We find that this product is positive at Γ point and negative at other TRIMs, in accordance with our analysis of the band inversion, which leads to a Dirac semimetal phase for the initial structure, and a strong TI with Z 2 indices (1;000) after breaking rotational symmetry.
It has been shown that in Na 3 Bi and Cd 3 As 2 Dirac points in the bulk may lead to Fermi arc surface states at the sample surface. In Fig. 3 (a) we plot the surface spectrum of the (0001) 
Dirac semimetal to Weyl semimetal phase transition by Zeeman field
The Dirac nodes in LiAuSe are of fourfold degeneracy, and the disperssions along any direction are doubly degenetated due to the coexistence of inversion and time-reversal symmetries.
Upon breaking the time reversal or inversion symmetry, a Dirac point would split into a pair of separated Weyl nodes. Since there is a three-fold rotational axis, the Dirac points cannot be split by breaking inversion symmetry, such as CaAgBi with wurtzite structure. 24 Thus, we only consider breaking time reversal symmetry in the system. In general, such a system can be induced by magnetic doping as in diluted magnetic semiconductors, or by an external magnetic field. The rare earth element Eu doped compounds of hexagonal structure, e.g.
EuAgBi and EuAuSb, indeed exist in nature, and the long-range magnetic configuration in some of them has been confirmed in experiments. Therefore, a certain degree doping of Eu in the hexagonal compound could be expected as a WSM, which has been confirmed by first-principles calculations in Eu 0.5 Ba 0.5 AgBi.
28
Here, we firstly adopt another way of realizing WSM in LiAuSe system, by applying external field in the model Hamiltonian. Once external magnetic field applied or FM order is achieved in the system, the simplest low-energy effective Hamiltonian is described as 
Dirac semimetal to topological Insulator phase transition by breaking rotational symmetry
As mentioned above, the accidental Dirac points are caused by band inversion and protected by rotational symmetry. Therefore, the Dirac points can be removed by breaking the rotational symmetry. In the case of LiAuSe, we break this symmetry by applying an in-plane compression, which decreases the angle θ between a and b axis as shown in Fig. 1(a) . As a result, the system becomes a true insulator. A moderate compression (114
could open a gap in the bulk and transform the system into TI phase. Since band inversion is still kept by checking the orbital projected band structure, it is a strong TI with topological invariant (1;000), which is confirmed by the Wilson loop method calculations and the parity products of occupied states at TRIM points. gap is shown in Fig. 6 (b) .
Band structures of other materials in the family Figure 7 shows the band structure of some other materials of LiAuSe family with SOC:
LiAuTe, NaAuTe, KAuTe, NaAuSe, BaAuAs, and BaAuSb. These materials are of the same family and with the same symmetry, showing similar characters in their electronic structures. Thus, we state that similar topological phase transition could be expected for other Dirac materials.
Effective k · p model the Dirac points can be described using the four states |S 1/2,±1/2 and P 3/2,±3/2 . Therefore, an effective k · p Hamiltonian using these four basis functions (basis order: |i ↑ , |(x + iy) ↑ , |i ↓ , |(x − iy) ↓ ) can be constructed under the constraint of D 6h symmetry, which can ben generated by three symmetry elements that are canonically chosen as C 6 , mirror M yz , inversion P and time-reversal T . The Hamiltonian up to O(k 3 ) reads The 4 × 4 Hamiltonian could be diagonalized and the eigenvalues are
Then, we get the gapless points at k c = (0, 0,
which are the Dirac nodes along Γ-A. In the vicinity of the gapless points k c , the leadingterm of the solution is linear, and confirm that the gapless points are nothing but 3D massless Dirac points.
where σ x,y,z and τ x,y,z are Pauli matrices, and σ 0 and τ 0 are unit matices for spin and orbital respectively.
For Weyl semimetal, the effective k · p Hamiltonian reads
where h describes the exchange field strength. After applying this term, the Dirac points will split into two separated Weyl points in momentum space, as shown in Fig. 4 .
When the C 6 rotational symmetry is broken, the DSM transform into TI phase. A linear order of off-diagonal term will be introduced. Then the effective k · p Hamiltonian reads
where the leading-term of off-diagonal becomes linear. Please note that this term B 1 k z σ y τ y is not unique. Any term that preserves all the above symmetries except C 6 is possible. For convenience, we choose the k z term here. After introducing the linear term in off-diagonal elements, the system transform from DSM to TI phase. The conclusion has been confirmed by our first-principles calculations (see Fig. 5 ).
Conclusion
In 
